Antibodies against citrullinated proteins are specific and predictive markers for rheumatoid arthritis although the pathologic relevance of these antibodies remains unclear. To investigate the significance of these autoantibodies, collagen-induced arthritis (CIA) in mice was used to establish an animal model of antibody reactivity to citrullinated proteins. DBA/1J mice were immunized with bovine type II collagen (CII) at days 0 and 21, and serum was collected every 7 days for analysis. Antibodies against both CII and cyclic citrullinated peptide, one such citrullinated antigen, appeared early after immunization, before joint swelling was observed. Further, these antibodies demonstrated specific binding to citrullinated filaggrin in rat esophagus by indirect immunofluorescence and citrullinated fibrinogen by Western blot. To evaluate the role of immune responses to citrullinated proteins in CIA, mice were tolerized with a citrulline-containing peptide, followed by antigen challenge with CII. Tolerized mice demonstrated significantly reduced disease severity and incidence compared with controls. We also identified novel murine monoclonal antibodies specific to citrullinated fibrinogen that enhanced arthritis when coadministered with a submaximal dose of anti-CII antibodies and bound targets within the inflamed synovium of mice with CIA. These results demonstrate that antibodies against citrullinated proteins are centrally involved in the pathogenesis of autoimmune arthritis.
Introduction
The diagnosis and classification of rheumatoid arthritis (RA) is based on clinical and radiological findings with the support of a positive test for rheumatoid factor (RF) (1) , an autoantibody to the constant region of IgG immunoglobulin. While RF is fairly sensitive for RA, detected in up to 80% of patients, this autoantibody lacks specificity. Sera from patients with other autoimmune disorders or infectious diseases as well as up to 15% of the healthy, elderly population demonstrate the presence of RF (2) . Other less sensitive but more specific autoantibodies, such as the anti-perinuclear factor and anti-keratin antibody (AKA), also have been described in patients with RA (2) (3) (4) (5) . Importantly, upon further investigation, the anti-perinuclear factor and AKA were shown to bind a specific protein, filaggrin, found within keratohyalin granules and cornified epithelium (6, 7) .
Filaggrin is produced in the late stages of terminal differentiation of epithelial cells during keratinization. The precursor profilaggrin is produced and stored in granules until terminal differentiation. At this point, profilaggrin is proteolytically cleaved and dephosphorylated, and certain arginine residues are deiminated by specific peptidylarginine deiminases (PADs) to form citrulline residues (8) (9) (10) (11) . When arginine residues within peptide sequences derived from filaggrin were deiminated in vitro, these peptides were recognized by RA sera (12, 13) . Using the most strongly reactive peptide, designated cyclic citrullinated peptide (CCP), an ELISA that measured antibodies against CCP demonstrated 68% sensitivity and 98% specificity for RA (14) . Further studies indicated that anti-CCP antibodies may be present for many years before the onset of clinically apparent disease (15, 16) .
Filaggrin is not expressed in the synovium. However, within the inflamed synovium of patients with RA, one potentially relevant antigen is citrullinated fibrin. Antibodies from patients with RA bind fibrin on Western blot analysis of rheumatoid synovial extracts. In addition, antibodies from patients with RA preferentially bind citrullinated fibrin as compared with noncitrullinated fibrin (17) . Other citrullinated proteins, such as vimentin (18, 19) , are also recognized by sera from patients with RA in a citrulline-specific manner. Thus, these antibodies are specific to the posttranslational citrullination and recognize this amino acid in the context of flanking amino acid sequences in at least 3 proteins. Despite these clinical associations, the immunopathologic events that lead to the development of autoantibodies against citrullinated proteins and whether these autoantibodies are pathogenic remain unknown.
Collagen-induced arthritis (CIA) is an animal model of inflammatory arthritis established by immunizing mice with bovine type II collagen (CII) emulsified in incomplete Freund's adjuvant containing Mycobacterium tuberculosis (20) . Because the immunologic and histopathologic lesions in CIA resemble those observed in RA (20) , CIA is one model in which the pathogenesis of RA can be studied. The initial processes of disease pathogenesis require T cells since T cell-deficient mice are not susceptible to CIA (21, 22) . In addition, highly efficient presentation of the collagen antigen requires the I-A q MHC class II allele (23, 24) . T cell acti-vation leads to an inflammatory Th1 response both systemically and within the joints (25) (26) (27) . Chronic inflammation in CIA is largely due to complement-fixing anti-CII antibodies whose production is driven by autoreactive T cells. Anti-CII antibodies in CIA initiate joint damage by binding collagen in articular cartilage and activating complement.
Because the relevance of autoantibodies reactive with citrullinated antigens to the pathophysiology of RA remains unknown and a valid animal model in which to study these antibodies could provide substantial insights into these issues, we investigated the development and pathogenic potential of these antibodies in murine CIA. We demonstrate herein the presence of anti-citrullinated protein antibodies in CIA and show that they play a key role in the maximal development of inflammatory arthritis. In addition, autoantibodies against citrullinated proteins can greatly amplify tissue injury in the presence of a submaximal immune and inflammatory insult.
Results

Antibodies specific to citrullinated antigens develop in CIA in parallel with anti-CII antibodies and before visible arthritis. To determine if antibodies
against citrullinated antigens are present in CIA, we immunized 6-to 8-week-old male DBA/1J mice with CII emulsified in CFA or with CFA alone on days 0 and 21. Beginning at 25 days after the initial immunization with CII in CFA, mice developed clinical evidence of arthritis ( Figure 1A ). Serum was collected from mice every 7 days following the first immunization and was analyzed by ELISA for the development of autoantibodies against CII and CCP ( Figure 1 , B and C). Anti-CII antibodies began to develop around day 7 after the first immunization and steadily increased throughout the study. Similarly, anti-CCP reactivity appeared at 7 days after the first immunization and plateaued at day 21. In both cases, the autoantibodies appeared prior to any signs of clinical disease.
To further characterize the development of CCP reactivity in CIA, we analyzed the isotypes of CII- and CCP-reactive antibodies. Strong IgM and IgG2a anti-CII antibodies developed after immunization along with less pronounced IgG1, IgG2b, and IgG3 responses ( Figure 1D ), consistent with previous reports (28) . Anti-CCP antibodies of the IgM, IgG1, IgG2a, and IgG2b isotypes developed after immunization with CII ( Figure 1E ) while IgG3 was not detected (data not shown). Intriguingly, anti-CCP IgM antibodies were readily detectable in preimmune sera, suggesting the presence of natural antibodies in mice toward a citrullinated antigen, and increased significantly after immunization (P < 0.05 at day 14 and thereafter). To ensure that the relatively high IgM anti-CCP titer in naive mice was due to antibody and not to nonspecific serum reactivity detected by ELISA, we tested serum from Rag1 -/-mice, which are genetically unable to generate antibodies. Rag1 -/-mice demonstrated significantly lower anti-CCP IgM reactivity compared with unimmunized DBA/1J mice ( Figure 1F ). No difference in the level of anti-CCP IgG was detected between Rag1 -/-sera and sera from unimmunized DBA/1J mice, indicating that approximately 7 U/ml is the lower limit of detection for analysis of mouse sera with the CCP ELISA ( Figure 1F ).
Figure 1
Anti-CCP antibodies appear prior to visible arthritis and in parallel with the appearance of anti-collagen antibodies. (A) Six-to 8-week-old DBA/1J mice were untreated or were immunized at day 0 with CII in CFA or CFA alone and then received booster immunizations 21 days later (black arrows). Sera were collected every 7 days and analyzed for antibody levels. Mice were also observed and scored for development of clinical arthritis. Visible signs of arthritis were measured by adding the number of swollen digits on all 4 paws of each mouse. (B) IgG and (D) isotype-specific antibodies against CII were measured by ELISA as described in Methods. (C) IgG and (E) isotype-specific anti-CCP antibodies were measured by ELISA as described in Methods. IgG3 anti-CCP antibodies were below the limits of detection by ELISA and thus are not shown. The data for each mouse within a group are averaged for that group and represented ± SEM. For each group, n = 12. Statistical significance was determined using a 1-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001 in CIA mice compared with CFA-immunized and unimmunized mice. (F) Sera from Rag1 -/-mice (n = 5) were tested and compared with unimmunized DBA/1J (normal mouse serum (NMS); n = 7 for IgM and n = 23 for IgG). Statistical significance was determined using an unpaired 2-tailed Student's t test. # P = 0.0004 for IgM anti-CCP antibodies in NMS versus Rag1 -/-mice.
One additional means by which citrullinated protein reactivity is detected in patients with RA is indirect immunofluorescence on rat esophageal epithelium. It has been shown that AKA, anti-filaggrin, and anti-CCP antibodies in RA patient sera react with citrullinated filaggrin in the rat esophageal epithelium (7, 12) . To assess this antibody reactivity in CIA, we applied sera from arthritic and control mice to sections of rat esophagus. Sera from arthritic mice on day 35 after the initial immunization demonstrated a staining pattern similar to that seen with RA sera while sera from adjuvant control and unimmunized mice did not demonstrate similar reactivity ( Figure 2, A-D) .
Observed CCP reactivity in CIA is specific to the citrulline modification. The key feature of reactivity in serum from patients with RA to these antigens is its marked specificity toward citrullinated epitopes rather than toward the unmodified protein that lacks citrulline residues (12, 14) . The specificity of antibody binding in CIA sera was evaluated using peptide blocking of antibody reactivity. Serum obtained on day 35 after the initial immunization with CII in CFA was diluted in PBS or PBS containing 100 μg/ml linear citrullinated peptide (LXP) or 100 μg/ml of the control, linear arginine peptide (LRP), and applied to rat esophageal tissue sections. The LXP inhibited reactivity in both RA sera (data not shown) and CIA sera whereas the control LRP peptide did not ( Figure 2 , E and F). These results strongly suggest that the reactivity in mice with CIA to filaggrin in this tissue is specific to citrullinated filaggrin, as seen in patients with RA.
Citrullinated fibrin has been identified as a target antigen within the inflamed RA synovium, and antibodies specific to citrullinated fibrin are readily detected in the sera of RA patients (17) . Therefore, as a second measure for citrulline specificity of the antibodies in CIA, we tested sera for reactivity against citrullinated fibrinogen. Pooled sera from individuals with RA, from mice immunized with CII in CFA or with CFA only, or from normal mouse serum were studied by Western blot analysis using unmodified and citrullinated fibrinogen. The only reactivity observed was against citrullinated fibrinogen in sera from patients with RA and mice with CIA ( Figure 2G ), providing additional support for the specificity of the autoantibodies in CIA for citrullinated antigens.
Some lupus models demonstrate anti-CCP reactivity but without citrulline specificity. Another striking feature of reactivity to citrullinated antigens is the specificity of this autoantibody response for patients with RA. Other forms of arthritis and autoimmune diseases lack these antibodies (14) . To evaluate the specificity of antibodies against citrulline-modified targets for CIA, we measured CCP reactivity in 2 murine models of lupus: SNF1 and MRL/lpr. In agreement with other studies (29) , MRL/lpr mice at 4 months of age (n = 5) produced high titers of anti-CCP antibodies (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/JCI25422DS1). Anti-CCP antibodies were not observed in 4-month-old SNF1 mice (n = 4). Indirect immunofluorescence indicated the presence of MRL/lpr serum reactivity in the epithelium of rat esophagus; however, in contrast to mice with CIA, both LRP and LXP inhibited this serum binding (Supplemental Figure 1C) . This observation suggested that the anti-CCP reactivity observed in MRL/lpr mice did not exhibit specificity for citrullinated filaggrin, thus differing from the autoantibody pattern observed in CIA. In addition, a Western blot of citrullinated and unmodified fibrinogen probed with pooled MRL/lpr sera failed to demonstrate serum reactivity with either form of fibrinogen (data not shown), further supporting a difference between the specificity of anti-CCP reactivity in mice with CIA as compared with MRL/lpr mice.
Tolerance to a citrulline-containing epitope partially protects mice from CIA. Tolerance of mice to pathogenic epitopes of CII has been shown to protect mice from developing arthritis when subsequently challenged with this antigen (30, 31) . Therefore, if citrulline-containing epitopes contributed to the disease process, we reasoned that tolerance to such epitopes would reduce disease severity and incidence. To test this hypothesis, 0.3 mg of CII, ovalbumin, LXP, or linear lysine peptide (LKP) was administered intravenously for 3 days to 6-week-old male DBA/1J mice to induce tolerance to these antigens. LXP is a 19 amino acid peptide derived from human filaggrin that contains a single citrulline residue and 4 arginines (12). Since any arginine residue may become deiminated in vivo by endogenous PADs, a lysine-substituted peptide (LKP), which maintains the overall charge of the peptide while eliminating the possibility of becoming deiminated in vivo, was chosen as a control for these experiments.
Three days following the last dose of tolerogen, mice were challenged on days 0 and 21 with CII in CFA to induce CIA. As shown previously (30) , disease in mice tolerized with ovalbumin was not affected while mice tolerized with CII failed to develop arthritis ( Figure 3, A and B) . CIA development in mice tolerized with the control LKP peptide was also unaffected whereas the severity of disease in LXP-tolerized mice was significantly reduced, by approximately 60%, compared with the ovalbumin and LKP-tolerized groups ( Figure 3A) . Further, the incidence of CIA in LXP-tolerized mice was also reduced ( Figure 3B ). Histologic evaluation of the joints from these mice confirmed the clinical phenotype, demonstrating significantly reduced inflammation, pannus formation, and cartilage and bone destruction in the LXP-tolerized mice compared with ovalbumin- and LKP-tolerized controls ( Figure 3C ). As expected, induction of tolerance with CII led to significant reductions in anti-CII antibody levels (~74% IgG1 and ~96% IgG2a; Figure 3D ). However, anti-CII antibody levels were unaffected in the other groups. Western blot analysis revealed that antibodies against citrullinated fibrinogen were reduced in the CII- and LXP-tolerized groups but unaffected in the ovalbumin and LKP control groups ( Figure 3E ). In these groups of mice, antibody reactivity against additional unmodified and citrullinated antigens was measured using synovial antigen arrays (19) (please note that peptide sequences used in Figures 3 and 4 are in Supplemental Table 1 ). Mice tolerized with LXP compared with LKP and OVA exhibited a decrease in epitope spreading to both citrullinated and native epitopes ( Figure 3F and data not shown). We also observed reduced epitope spreading in CII-tolerized mice compared with OVA and LKP-tolerized groups (data not shown). From these data, we conclude that immune responses to citrullinated proteins are important to the development of inflammatory arthritis.
Monoclonal antibodies specific to citrullinated fibrinogen enhance arthritis. As a further test of the pathogenic potential of antibodies against citrullinated proteins, we determined whether antibodies against these autoantigens would enhance disease. To accomplish this, we first identified monoclonal antibodies specific to citrullinated fibrinogen. We then transferred them alone and in combination Mice tolerized with a citrullinated peptide are significantly protected from CIA. (A and B) Six-to eight-week-old male DBA/1J mice were tolerized to OVA (n = 19), CII (n = 16), LXP (n = 16), or LKP (n = 12). After challenging these mice with immunization of CII in CFA, disease severity (A) and incidence (B) were measured. (C) Paws from mice in each tolerance group were analyzed for histologic parameters of arthritis as described in Methods. (D) Anti-CII antibodies were measured by ELISA, and (E) antibodies against citrullinated fibrinogen were determined by Western blot. All data are shown as group averages ± SEM. Statistical significance was determined by 1-way ANOVA. *P < 0.05; **P < 0.01 in comparison with the OVA and LKP groups. (F) Sera from tolerized mice were applied to synovial antigen arrays to characterize the autoantibody response. The relative reactivities for the labeled antigens in a pool of sera from 9 mice in each LXP-and LKP-tolerized group are shown, as is the clustering of mice based on the relationships of antibody reactivity between the mice.
Figure 4
Antibodies specific to citrullinated fibrinogen substantially enhance submaximal arthritis. (A) Purified D513, 1042, or 1618 monoclonal antibody was applied to a Western blot of unmodified and citrullinated fibrinogen. To compete for antigen binding on the blot, soluble unmodified or citrullinated fibrinogen was added to D513 prior to applying the antibody to the Western blot. (B) The relative reactivities of the monoclonal antibodies for unmodified and citrullinated fibrinogen were determined by applying increasing amounts of biotinylated unmodified and citrullinated fibrinogen (fibr) and CII to ELISA plates coated with monoclonal antibody. The amount of protein binding was detected as described in Methods and is displayed as OD. (C) Additional antigens recognized by D513, 1042, and 1618 were detected using synovial antigen arrays. The relative reactivity for the antigens recognized is shown. (D) Arthrogen, a cocktail of 4 monoclonal antibodies against CII, was transferred intravenously into 6-to 8-week-old male DBA/1J mice at increasing doses followed by 50 μg LPS intraperitoneally 3 days later in order to determine which dose would establish submaximal disease. n = 3 per dose group. (E) D513 (n = 9) or control monoclonal antibody (n = 6) were administered alone or in combination with the submaximal dose of Arthrogen (1 mg). (F and G) Either 1 mg or 2 mg of monoclonal antibody 1042 or 1618 (n = 6) or 2 mg HB5 control monoclonal antibody (n = 6) was combined with 1 mg of Arthrogen and transferred into mice as performed previously with D513. Data shown are the average disease score per group ± SEM. Statistical significance was determined using 1-way ANOVA. *P < 0.05; **P < 0.01 in comparison with submaximal Arthrogen alone.
with a cocktail of anti-CII antibodies into mice. To develop an antibody specific to a citrullinated protein, and noting the presence of natural IgM antibodies with this specificity ( Figure 1F ), we screened a previously created panel of IgM-producing hybridomas established from naive C57BL/6 splenocytes for antibody specificity to citrullinated fibrinogen. One clone, D513, demonstrated such specific reactivity by Western blot analysis ( Figure 4A ). To confirm that the D513 epitope was present in the native conformation of citrullinated fibrinogen, we determined whether the reactivity of D513 on the Western blot could be blocked by preincubating the antibody with soluble unmodified fibrinogen or citrullinated fibrinogen. We found that only the addition of citrullinated fibrinogen to the antibody could block reactivity on the Western blot ( Figure 4A ). As a demonstration of the relative affinity of D513 for soluble unmodified and citrullinated fibrinogen and a control protein, CII, 0.5 μg monoclonal antibody was bound to Immulon 2HB plates, and increasing amounts of biotinylated proteins were added to the bound antibody. D513 had high affinity for native citrullinated fibrinogen but did not bind either unmodified fibrinogen or CII ( Figure 4B ). Finally, we identified additional antigens for D513 by applying the monoclonal antibody to the synovial antigen array (Supplemental Table 1 ). D513
Figure 5
D513, 1042, and 1618 monoclonal antibodies bind antigens within the inflamed synovium of mice with CIA. (A) Immunohistochemistry was performed using 4 μg/ml D513, 1042, and 1618. Antibody binding is indicated by DAB precipitate (brown). Tissue was counterstained with methyl green. A mix of anti-CII monoclonal antibodies and secondary reagents without primary antibody served as negative controls for staining the synovium. Representative serial sections are shown. Magnification, ×100. Arrows point to synovium, and asterisks indicate cartilage. (B) Skin from the site of immunization, draining inguinal LN, and synovium were collected from unimmunized mice, mice immunized with CFA, or mice with CIA at different time points. Western blots of the protein isolated from these tissues were performed with a polyclonal antibody that recognizes the amino acid citrulline or (C) with the monoclonal antibodies 1042, 1618, and D513. Representative blots are shown. Results of Western blots probed with antibodies 1618 and D513 were essentially identical to 1042 and, thus, are not shown.
bound several citrullinated fibrinogen peptides as well as citrullinated forms of vimentin, clusterin, and keratin ( Figure 4C ). In additional experiments, D513 did not react with typical targets of cross-reactive natural antibodies, including double-stranded DNA, single-stranded DNA, and phospholipids (data not shown). These results in toto demonstrate that D513 specifically binds citrullinated epitopes derived from fibrinogen and other antigens.
To measure the pathogenic potential of D513, we transferred 2 mg of purified antibody intravenously into 6- to 8-week-old DBA/1J mice, followed by 50 μg LPS 3 days later. None of the mice developed any visible signs of arthritis ( Figure 4E ). We then asked whether an antibody to citrullinated fibrinogen could contribute to tissue injury by enhancing submaximal disease established by a cocktail of monoclonal antibodies against CII (Arthrogen). To determine a submaximal dose of anti-CII antibodies, increasing doses of Arthrogen were administered to 6- to 8-week-old male DBA/1J mice followed by 50 μg LPS 3 days later ( Figure 4D ). One milligram of Arthrogen induced very mild disease and was therefore chosen to use in combination with 1 mg and 2 mg D513. The addition of both 1 mg and 2 mg D513 to 1 mg Arthrogen significantly increased the severity of arthritis by more than 2.5 fold ( Figure 4E ). To demonstrate that the enhancement of disease was due to D513 and not to an overall increase in total Ig administered, we also transferred 2 mg of a monoclonal IgM specific to trinitrophenol-KLH (TNP) in combination with 1 mg Arthrogen. This treatment did not result in a significant enhancement of disease ( Figure 4E ).
Finally, we identified 2 IgG2a monoclonal antibodies, 1042 and 1618, from a fusion of splenocytes and LN cells, respectively, from DBA/1J mice with CIA that were specific to citrullinated fibrinogen ( Figure 4 , A and B) as well as for citrullinated peptides derived from filaggrin and vimentin ( Figure 4C ). To demonstrate that the citrullinated fibrinogen-specific IgG antibodies that appear in CIA are indeed pathogenic, we transferred 1 mg or 2 mg of purified 1042 or 1618 in combination with 1 mg Arthrogen into mice as described. Both monoclonal antibodies significantly accelerated and enhanced disease (Figure 4, F and G) . Two milligrams of a control IgG2a monoclonal antibody, HB5, which specifically recognizes human complement receptor 2 and not the murine homolog (32, 33), did not accelerate or enhance disease when combined with 1 mg Arthrogen (Figure 4 , F and G). These results further support the conclusion that antibodies specific to citrullinated proteins are pathogenic.
D513, 1042, and 1618 monoclonal antibodies bind target antigens in inflamed synovium. Citrulline-modified fibrinogen has been
demonstrated to be present in the inflamed synovium of mice with CIA (34) . To determine if the enhancement of arthritis by the transfer of monoclonal antibodies specific to citrullinated fibrinogen is due to their binding this antigen in the synovium, we performed immunohistochemistry on joint tissue sections from unimmunized mice, mice immunized with CFA, and mice that developed CIA following immunization with CII in CFA. All 3 monoclonal antibodies bound antigens within the pannus of mice with CIA but did not bind tissue from unimmunized or adjuvant control mice ( Figure 5A ). Anti-CII monoclonal antibodies (Arthrogen) were used for positive control staining of cartilage, where CII is located within the joint, and negative control staining of synovium. Our results are consistent with this expected pattern of staining for CII.
Additionally, we isolated proteins from the skin, draining inguinal LNs, and synovium of unimmunized mice, adjuvant control mice, and mice with CIA on days 7 and 35 after immunization. Equal protein amounts of cellular lysates were loaded into 10% Bis-Tris acrylamide gels (Supplemental Figure 2) , and Western blot analysis of this protein was performed using a polyclonal anti-citrulline antibody and our anti-citrullinated protein monoclonal antibodies. Total citrullinated proteins, as indicated by the blot probed with the anti-citrulline polyclonal antibody, mildly increased in the synovium of mice administered CFA by day 7 after immunization, but by day 35, total citrullinated protein was similar to synovium from unimmunized control mice. An increase in total citrullinated protein was not observed in synovium from mice with CIA on day 7 after immunization; however, by day 35, there was a readily apparent increase in citrullinated protein ( Figure 5B ). In synovia of mice with CIA, bands at approximately 60-70 kDa and at approximately 105 kDa greatly increased in intensity from day 0 to day 35. No differences in skin or draining LNs were observed. Citrullinated antigens at approximately 70 kDa and approximately 105 kDa detected by our monoclonal antibody 1042 were also increased in the synovium by day 35 in mice with CIA ( Figure 5C ). A modest increase in citrullinated antigen detected by 1042 was also observed in the Antibodies against citrullinated fibrinogen can overcome the protective effect of tolerance to citrullinated antigens. Mice were tolerized with LXP, challenged twice with CII in CFA, and then administered either 2 mg of equal amounts of 1042 and 1618 or 2 mg of the control HB5 antibody on days 22 and 28 after the initial challenge with CII in CFA. (A) Arthritis scores were measured between days 21 and 35, and (B) histologic evaluation was performed on paws collected on day 35. Data are shown as group averages ± SEM. Statistical significance was determined by 1-way ANOVA. *P < 0.05; **P < 0.01 in comparison with the LXP plus HB5 control group. Mice tolerized with LKP, challenged with CII in CFA, and given monoclonal antibodies 1042/1618 or HB5 served as additional controls. No difference was detected between these groups and the LXP plus 1042/1618 group (data not shown).
synovium from mice given CFA by day 35, but this increase was not as great as seen in synovium from mice with CIA on day 35. Most intriguingly, though, the greatest increase in citrullinated antigens at approximately 70 kDa and approximately 105 kDa detected by 1042 was in the draining LNs on day 7 after immunization with CII in CFA. Western blot analyses with the monoclonal antibodies D513 and 1618 were equal to that with 1042 (data not shown). These data suggest that citrullinated antigens are presented in the draining LNs shortly after immunization with CII in CFA and could help to drive the development of antibodies against these citrullinated antigens. This additional citrullinated antigen-antibody interaction within the joint is the likely mechanism for amplification of disease.
Administration of antibodies against citrullinated fibrinogen can overcome protective tolerance induced by LXP. Our data suggest that tolerization of mice with LXP protects them from the full development of CIA by preventing epitope spreading to include antibody reactivity toward citrullinated antigens ( Figure 3 , E and F). Therefore, to determine if antibodies against citrullinated antigens could overcome the protection provided by tolerance to these antigens, we tolerized mice to LXP and challenged them with CII in CFA as before, then administered 2 mg of equal amounts of 1042 and 1618 monoclonal antibodies or 2 mg of HB5 control monoclonal antibody on days 22 and 28 after the initial immunization with CII in CFA. Treatment of tolerized mice with 1042 and 1618 led to the development of full disease while mice treated with the control HB5 monoclonal antibody remained protected from full arthritis, measured both clinically and histologically ( Figure 6 ). We also used as controls mice tolerized with LKP, challenged with CII in CFA, and given either the 1042/1618 monoclonal antibody cocktail or the HB5 monoclonal antibody control. We did not observe significant differences in disease or histologic scores in these 2 groups compared with the LXP-tolerized group that received the 1042/1618 monoclonal antibodies (data not shown). In sum, we confirm that the protective effect of tolerance with LXP is indeed a decrease in the development of antibodies against citrullinated antigens, as replacement of antibodies against citrullinated antigens using the 1042/1618 monoclonal antibodies specifically results in the redevelopment of severe arthritis.
Discussion
In this report, we demonstrate the importance of citrullinated proteins and antibodies against such self antigens for the development of inflammatory arthritis. Using 3 methods, antibodies against citrullinated antigens were detected in CIA and were shown to be specific to a citrulline-containing protein. Induction of tolerance to a citrullinated peptide led to a significant reduction in susceptibility to CIA upon challenge with CII, indicating that immune responses toward citrullinated antigens are involved in disease pathogenesis. Furthermore, monoclonal antibodies specific to citrullinated fibrinogen substantially enhanced arthritis when coadministered with anti-CII monoclonal antibodies and reversed the protection from inflammatory injury following induction of tolerance with a citrullinated peptide. We believe that these results in toto definitively demonstrate that antibodies against citrullinated proteins are important contributing factors in the development of inflammatory arthritis.
Antibodies in the serum of patients with RA have been shown to specifically target citrullinated filaggrin, fibrinogen, and vimentin. These antibodies have been detected, using indirect immunofluorescence, on the epithelium of rat esophagus, which contains citrullinated filaggrin (7, 12) ; by Western blot of the unmodified and citrullinated forms of fibrinogen (17) and vimentin (18) ; and by an ELISA with peptides (CCP) based on filaggrin sequences that contain citrulline residues (14) . Using each of these methods, we were able to demonstrate the same citrulline-specific antigen reactivity in CIA. Our data validate this murine model of inflammatory arthritis for further investigation of the development and pathogenicity of antibodies against citrullinated proteins in RA.
As a first measure of the pathogenic potential of citrullinated antigens, we established tolerance to these antigens in mice followed by challenge with CII. We chose the LXP peptide as a citrullinated tolerogen because this peptide contained a single citrulline residue surrounded by a flanking amino acid sequence described in a population of RA patients to confer antibody reactivity (12, 13) . Additionally, from our indirect immunofluorescence studies, LXP inhibited CIA serum reactivity with the epithelium of rat esophagus, suggesting that this peptide contained an epitope that was central to the citrulline-specific immune response. By tolerizing mice to LXP, mice were partially protected from CIA upon challenge with CII in CFA. The likely cause of this protection was a reduction of antibodies against citrullinated proteins. However, we cannot exclude tolerance of citrullinated-peptide specific T cells, which may also contribute to the suppressed arthritis that was observed. Nevertheless, administration of antibodies against citrullinated proteins overcame tolerance and restored severe disease in mice, indicating that the production of antibodies against citrullinated proteins is the key pathogenic pathway leading to maximal arthritis.
To directly demonstrate the pathogenicity of antibodies specific to citrullinated proteins, we developed monoclonal antibodies specific to citrullinated fibrinogen (D513, 1042, and 1618) and transferred them into mice alone and in combination with antibodies against CII. These monoclonal antibodies alone could not induce arthritis at a dose of 2 mg per mouse; however, this result was not surprising. One reason is that to induce arthritis by transfer of monoclonal antibodies against CII, a combination of at least 3 different antibodies, each recognizing distinctly different epitopes, is required (35) . In addition, in another model of autoimmune arthritis, the transfer of antibodies specific to glucose-6-phosphate isomerase from K/BxN mice also has been shown to require a minimum of 3 monoclonal antibodies against the targeted antigen for visibly apparent disease to be established in mice (36) . Therefore, we used the arthrogenic anti-CII monoclonal antibody cocktail to establish minimal disease in mice, with arthritis becoming substantially more severe with the addition of D513, 1042, or 1618. It is likely that these monoclonal antibodies recognized citrullinated proteins in synovium, the presence of which has been previously described in CIA (34) . Citrullinated proteins in the synovia were likely induced by the anti-CII monoclonal antibody cocktail. Our studies by immunohistochemistry of D513, 1042, and 1618 in inflamed synovium as well as Western blots of synovium from mice with CIA probed with antibodies against citrulline and citrullinated proteins are consistent with this conclusion ( Figure 5 ).
Anti-CCP reactivity has also been demonstrated in other murine models of autoimmunity, namely in MRL/lpr mice (29, 37) . Since MRL/lpr mice may develop spontaneous arthritis (38) , it is conceivable that anti-CCP antibodies would be present in these mice as part of the pathogenic processes leading to autoimmune arthritis.
We confirmed the presence of anti-CCP antibodies in MRL/lpr mice and further characterized these antibodies. However, while the anti-CCP antibodies present in MRL/lpr mice consisted of the same isotypes as seen in CIA, anti-CCP antibodies in MRL/lpr mice lacked specificity for a citrullinated antigen. Therefore, our results are consistent with those of others (37) who have concluded that anti-CCP reactivity in MRL/lpr mice represents a different immunologic process than that present in RA.
Our results are in contrast with those of others (34) where antibodies against CCP and citrullinated fibrinogen were not detected in mice with CIA. Several possibilities may explain these differing observations. The mice in our study may have developed a more robust immune response after the initial immunization due to differences in the environment of animal housing facilities or in specific immunization techniques. The DBA/1 mice in our study were also obtained from a different source, and genetic drift may have occurred between the 2 sources, affecting the ability of the mice to produce antibodies against citrullinated proteins in response to CII immunization. In addition, we used different sources for secondary reagents in our studies.
Citrullination of proteins has been shown to break tolerance in mice. When immunized with human or murine fibrinogen, which are approximately 70% homologous in amino acid sequence, mice do not produce antibodies against the native protein. However, if the fibrinogen is treated with PAD, such that it becomes citrullinated prior to immunization, mice develop a robust antibody response to the citrullinated protein (39) . Furthermore, since PAD has not been shown to be expressed in the thymus (40), T cells reactive to citrullinated antigens are not likely to be negatively selected. Reasonably, deimination of self proteins could result in immune responses to self antigens that would otherwise not develop.
The response toward a citrullinated protein in CIA is likely to have arisen from an event during which protein was deiminated during or shortly after immunization. Antibodies against both CCP and CII occurred concurrently approximately 7 days following immunization with CII in CFA. However, adjuvant alone could not elicit an antibody response, suggesting that the CII antigen triggered an antibody response to citrullinated proteins. We were unable to detect the presence of citrulline in the CII used for immunization through either a diacetyl monoxime colorimetric assay (sensitivity of 10 nM citrulline; ref. 41) or by amino acid analysis, which has a sensitivity of 0.02% of total CII amino acid content (data not shown). However, type II collagen does contain a core epitope suggested to confer CCP reactivity when the arginine is deiminated (amino acid sequence GRT, ref. 13 ; amino acids 148-150 in CII, amino acids 288-290 in murine type II collagen). Conceivably, many proteins became deiminated during or after immunization, which could also lead to the antibody responses to citrullinated antigens.
Two possible deimination events may have occurred after immunization of our mice. Either the mycobacteria in the adjuvant contained a PAD, or infiltrating neutrophils and macrophages that express PAD IV (34, 40, 42) at the site of immunization or in the joint released the enzyme into the extracellular matrix during apoptosis. The former possibility is unlikely since no PAD has been described in mycobacteria, and the mycobacteria have been heat killed prior to use in the adjuvant. The latter possibility is more likely, especially in light of others' observations within the synovium of arthritic mice. Neutrophils expressing type IV PAD have been reported to migrate into the inflamed synovium of mice with CIA or streptococcal wall arthritis concordant with the presence of citrullinated fibrinogen (34) . These authors hypothesized that the infiltrating neutrophils released PAD into the extracellular matrix during apoptosis where calcium concentrations were sufficiently high to sustain enzymatic activity. As fibrin is a common constituent of the inflamed synovium, it may serve as a local substrate for PAD, generating citrullinated antigens in situ.
In our model, one possible scenario is that local inflammation at either the site of injection or within the joint ensued shortly after immunization. Infiltrating neutrophils at this site underwent apoptosis and released PAD. Arginine within the injected CII or other local antigens such as fibrin may have become deiminated, leading to the selection of the antibodies against citrullinated proteins that were observed in murine CIA. We attempted to demonstrate an increase in citrullinated antigens in tissues after immunization. As skin contains filaggrin, which is known to be citrullinated, it is difficult to demonstrate an increase in citrullinated protein in this tissue. However, we did detect increased citrullinated protein of approximately 70 kDa and approximately 105 kDa in draining LNs from the site of immunization, suggesting that after immunization, protein(s) became citrullinated and were presented in the LNs. If mice were tolerized to LXP prior to immunization with CII, these antibody responses would be inhibited, resulting in decreased arthritis. The development of IgG antibodies against citrullinated antigens suggests this is a T cell-mediated process, though we have not formally evaluated this issue. Additionally, we observed increased citrulline and citrullinated protein of approximately 60-70 kDa and approximately 105 kDa in synovium of mice after immunization; however, this increase was not observed on day 7 after immunization with CII in CFA, but by day 35, indicating that significant citrullination of joint antigens occurred after the development of antibodies against citrullinated proteins. Thus, our data suggest the initial antigen(s) that drive the autoantibody response to citrullinated proteins originate outside the joint. Further studies are necessary, though, to evaluate this issue.
Regardless of how antibodies against citrullinated proteins develop and what their targets are, these antibodies contribute significantly to disease. After transfer of D513, 1042, or 1618, these monoclonal antibodies likely bind their antigen, citrullinated fibrinogen, within inflamed synovium. This would lead to further immune complex formation, complement activation, and neutrophil and macrophage production of proinflammatory molecules, thereby enhancing the inflammatory responses within the joint of mice and also enhancing visibly apparent disease.
The hypothesis that posttranslational modification of self proteins breaks tolerance is not limited to citrullination. Within the CIA model, another posttranslational modification has been described as important in breaking T cell tolerance to CII. A lysine residue at position 264 of CII may be posttranslationally modified through hydroxylation and galactosylation. Such posttranslational modification via glycosylation of lysine residues in CII can occur in the chondrocyte, resulting in a break in tolerance to CII in both humans and mice (43, 44) . Treatment of neonatal mice with a galactosylated CII 259-273 peptide protected mice from the development of CIA better than the unmodified peptide (43) . Further, mice transgenic for human CII and DRB*0401/human CD4 were immunized with human CII and generated stronger recall T cell responses when restimulated with the galactosylated CII 259-273 peptide (44) . In another autoimmune system, phosphorylation of self proteins by serine/threonine kinases during apoptosis generates autoantigens recognized by sera from patients with systemic lupus erythematosus (45) . Finally, in patients with celiac disease, deamidation of gliadin by tissue transglutaminase breaks T cell tolerance to gliadin (46, 47) , and the substrate-enzyme complex generates additional T cell epitopes in these patients (48) . Hence, there is increasing data that posttranslational modification of self proteins can play a critical role in the development of autoimmunity.
In sum, our studies establish that an autoantibody response to citrullinated proteins, which is indistinguishable from that observed in RA, develops in CIA. Additionally, this report is the first formal demonstration, to our knowledge, that antibodies against citrullinated proteins contribute to the pathogenesis of inflammatory arthritis. However, many questions remain to be answered. For example, how an immune response specific to citrullinated proteins develops in CIA as well as in patients with RA is unknown. Additionally, the relevant targets of these antibodies in joints or in peripheral tissue are not known. Also, whether selection of citrullinated autoantibodies emerges from a preexisting natural antibody repertoire, as our studies suggest, is unclear. Nevertheless, we have shown herein that CIA is a valuable model in which many of these questions may be investigated. Furthermore, knowing that antibodies against citrullinated proteins are involved in the pathogenesis of RA may allow for the development of targeted therapeutics that inhibit these antibodies or their development. Such therapeutic approaches may reduce disease severity in patients with active disease or perhaps even prevent the onset of clinically significant arthritis in susceptible individuals who are still asymptomatic but exhibit anti-CCP antibodies (15, 16) .
Methods
Animals and immunizations. CII purified from calf articular cartilage (Elastin
Products Company Inc.) was solubilized in 0.1 M acetic acid at a concentration of 4 mg/ml and stored at -70°C. For immunization, CII was emulsified in an equal volume of incomplete Freund's adjuvant (BD Diagnostics) supplemented with 4 mg/ml M. tuberculosis H37 RA (BD Diagnostics) to make complete Freund's adjuvant (CFA). Six- to eight-week-old DBA/1J male mice (Jackson Laboratory) were immunized intradermally with 0.1 ml CII in CFA or with CFA alone on days 0 and 21. From days 25 through 35 after the initial immunization, mice were scored daily by an individual blinded to their treatments for signs of arthritis in the paws based on the following scale: 0, no redness or swelling; 1, 1 digit swollen; 2, 2 digits swollen; 3, 3 digits swollen; and 4, entire paw swollen with ankylosis. The scores for each of 4 paws of a mouse were totaled to give a final score with a maximal severity of 16.
Tolerance in animals was induced by administering 300 μg of protein (CII or ovalbumin) or peptide (LXP or LKP; see below) in PBS intravenously daily for 3 days. Three days following the final dose of tolerogen, mice were immunized with CII in CFA according to the same protocol as above, with day 0 of the experiment corresponding to the day on which animals were first immunized with CII in CFA. To overcome tolerance, mice tolerized and challenged as above were then administered either 2 mg total of 1 mg 1042 plus 1 mg 1618 or 2 mg of the control HB5 monoclonal antibody described below on days 22 and 28 after the initial CII/CFA challenge.
Passive arthritis was induced by intravenous transfer of a cocktail of monoclonal antibodies against CII (Arthrogen-CIA; Chemicon International) and/or the monoclonal antibodies D513, 1042, or 1618, which specifically bind citrulline-modified fibrinogen. An IgM monoclonal antibody to trinitrophenol-KLH (anti-TNP; BD Biosciences - Pharmingen) and an IgG2a monoclonal antibody specific to human complement receptor 2 (HB5) were administered as negative controls. Previous studies have demonstrated that HB5 does not bind murine complement receptor 2 (32, 33) and therefore does not modulate the complement system in mice. Intraperitoneal injection of 50 μg/mouse of LPS followed 3 days later after administration of each antibody. Arthrogen was titrated to determine the dose that would yield submaximal disease in animals for use in combination with anticitrullinated fibrinogen monoclonal antibodies and the control antibody. All animal work was approved and performed under the guidelines set by the University of Colorado Institutional Animal Care and Use Committee.
Peptides. LXP (SHQESTcitGRSRGRSGRSGS) and LRP (SHQESTRGR-SRGRSGRSGS) were synthesized as described (12) . Another peptide, in which all arginine residues were substituted with lysine, was also synthesized and served as an additional control (LKP; SHQESTKGKSKGKS-GKSGS). Quality control by mass spectroscopy and HPLC revealed the peptides to be of the appropriate sequence and more than 95% pure.
Measurement of antibodies. Sera from each mouse were collected from the tail vein on the initial day of immunization and every 7 days thereafter. On the day of sacrifice, sera were collected by cardiac puncture. Anti-CCP antibody titers were determined using the DIASTAT Anti-CCP2 kit (second generation peptides; Axis-Shield Diagnostics Ltd.) following manufacturer's instructions with the following modifications: for most experiments mouse sera were diluted 1:10 or 1:100 in sample diluent, and the secondary antibody was substituted with alkaline phosphatase-conjugated goat anti-mouse IgM, IgG, IgG1, IgG2a, IgG2b, or IgG3 (CALTAG Laboratories) diluted 1:1,000 in PBS. The kit standard was utilized for all ELISAs without modification of the secondary antibody to maintain consistency between all plates and to demonstrate relative reactivity between isotypes.
Anti-CII antibody titers were assayed by ELISA. Immulon 2HB 96-well plates (DYNEX Technologies) were coated with 0.5 μg/well bovine CII (Chondrex Inc.) overnight at 4°C. Plates were washed 3 times with PBS containing 0.5% Tween-20 and 1% BSA and then blocked with 10% BSA in PBS for 4 hours at 4°C. Mouse sera were diluted 1:500, 1:1,000, or 1:2,000 in PBS and 50 μl/well added in duplicate; antibodies were then allowed to bind overnight at 4°C. For each plate, a standard consisting of pooled sera from arthritic mice was applied. Plates were washed 3 times with PBS/0.5% Tween-20. Horseradish peroxidase-conjugated (HRP-conjugated) goat anti-mouse IgM, IgG, IgG1, IgG2a, IgG2b, or IgG3 (CALTAG Laboratories) diluted 1:1,000 in PBS was added at 50 μl/well and allowed to bind for 4 hours at 4°C. Again, plates were washed 3 times with PBS/0.5% Tween-20. ELISA was developed for 30 minutes using 50 μl/well, 1% H2O2, in 2,2′-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) solution and read at 405 nm with a 492-nm reference filter.
Anti-filaggrin antibody reactivity was determined by indirect immunofluorescence. Undiluted sera or sera diluted 1:10 in PBS from arthritic, adjuvant control, and untreated mice were applied to rat esophageal sections (Scimedx Corporation) for 1 hour at room temperature with humidity. The slides were then washed 3 times for 5 minutes in PBS. FITCconjugated goat anti-mouse IgG (BD Biosciences - Pharmingen) was applied for 1 hour at room temperature with humidity. The slides were again washed 3 times for 5 minutes in PBS and a coverslip placed on the slide. Reactivity was visualized under a fluorescent microscope. For peptide competition of serum binding to tissue, sera were diluted 1:10 in PBS, with 100 μg/ml LAP in PBS, or with 100 μg/ml LXP in PBS and incubated at 4°C overnight before being applied to tissue sections.
Antibodies against unmodified and citrullinated fibrinogen were assessed by Western blot analysis. Human fibrinogen (Sigma-Aldrich) was deiminated in vitro by rabbit type II PAD (Sigma-Aldrich) at a substrate/enzyme ratio of 1 mg:2 U for 2 hours at 37°C in 0.1 M Tris-HCl pH 7.5, 10 mM CaCl2, and 5 mM DTT. The reaction was stopped by the addition of 20 mM EDTA. As the unmodified fibrinogen control, fibrinogen and PAD were combined as described, but 20 mM EDTA was added immediately to prevent enzyme activity on the substrate. For Western blotting, 2.5 μg of unmodified or citrullinated fibrinogen was loaded into each well of a NuPAGE 10% BisTris gel (Invitrogen Corp.) and transferred onto a nitrocellulose membrane (Amersham Pharmacia Biotech). The membrane was blocked for 1 hour at room temperature with 10% dry milk in PBS. Pooled sera from RA patients, arthritic mice, or control mice were diluted 1:100 in PBS with 1% BSA and incubated with the membrane overnight at 4°C. The membrane was then washed with PBS/0.5% Tween-20 3 times for 10 minutes each wash. HRP-conjugated goat anti-human or anti-mouse IgG (CALTAG Laboratories) diluted 1:2,000 in PBS was incubated with the membrane for 2 hours at room temperature. After washing the membrane with PBS/0.5% Tween-20 3 times for 10 minutes, equal volumes of luminescence reagent and oxidizing reagent (ECL reagent; Amersham Pharmacia Biotech) were applied for 1 minute. The membrane was then transferred to a plastic bag and film was exposed.
Histologic analysis of joints and immunohistochemistry. At the time of sacrifice on day 35 after immunization with CII in CFA, paws were removed and placed in 10% buffered formalin. Tissue was then decalcified in 5% formic acid for 3 days, followed by embedding in paraffin. Sections of 8 μm were stained with toluidine blue and evaluated by a trained observer blinded to the treatment group. Each mouse was assessed a histologic disease activity score from 0 to 5 determined by inflammation, pannus formation, cartilage damage, bone damage, and an overall score based on 5 joint sets per animal.
For immunohistochemistry, 5-μm paraffin-embedded sections were fixed to Superfrost Plus microscope slides (Fisher Scientific International). Slides were heated to 60°C until paraffin was melted. Tissue was fixed to the slide and rehydrated by soaking in xylenes for 2 changes, 5 minutes each, followed by 2 changes, 2 minutes each, of 100% ethanol, 95% ethanol, 70% ethanol, and PBS. Bovine testicular hyaluronidase (10,000 U/ml) (Sigma-Aldrich) was applied to the tissue for 30 minutes. Intrinsic peroxidase activity was then inactivated by incubation for 1 hour in methanol with 3% H2O2. After washing tissue 2 times for 5 minutes in PBS, tissue antigens were immunostained using a Mouse on Mouse (M.O.M.) tissue-staining kit (Vector Laboratories). D513, 1042, and 1610 were diluted to 4 μg/ml for application to tissue, and appropriate secondary antibody at 1.5 μg/ml was substituted when necessary. Stained sections were examined by light microscopy.
Development and purification of monoclonal antibodies. IgM monoclonal antibodies were developed from splenocytes collected from a naive, wildtype C57BL/6 mouse that were fused with the SP2/0-AG14 myeloma cell line by the standard protocol to establish hybridomas. To create IgG monoclonal antibodies, splenocytes and draining LN cells from a mouse with CIA were fused with the FOX-NY myeloma cell line. Successful fusions were screened by Western blot and selected based on specific reactivity with citrullinated fibrinogen. One positive IgM-producing hybridoma, D513, and 2 positive IgG-producing hybridomas, 1042 and 1618, were cloned further and studied.
Antibodies from exhausted supernatant of cultured D513, 1042, and 1618 cells were affinity purified. Supernatant from D513 was applied to a column of agarose beads coated with antibodies against human IgM, μ chain (Sigma-Aldrich), cross-reactive with mouse IgM. Supernatant from 1042 and 1618 was applied to a column of protein G-coated sepharose beads (Amersham Biosciences). Bound antibody was eluted with 0.1 M glycine, pH 2.3, and collected into 1.5 M Tris, pH 8.8. Eluted antibody was dialyzed against PBS, pH 7.4, for 48 hours and concentrated using centrifugal filtration (Centricon Plus-20; Millipore). Antibody concentration was determined by the A280 of the sample, and purity was confirmed by running on a 10% Bis-Tris gel.
Reactivity of the purified monoclonal antibody was confirmed by applying 10 μg/ml monoclonal antibody in PBS to Western blots of unmodified and citrullinated fibrinogen as described previously. The secondary antibodies used in these analyses were HRP-conjugated goat anti-mouse IgM for D513 and HRP-conjugated goat anti-mouse IgG for 1042 and 1618, diluted 1:2,000 in PBS. To demonstrate specificity for fibrinogen on the blot, 200 μg/ml unmodified fibrinogen or citrullinated fibrinogen was preincubated with 10 μg/ml D513 for 1 hour at room temperature prior to applying to the Western blot.
Relative binding to unmodified fibrinogen, citrullinated fibrinogen, and CII was determined by ELISA. Wells of Immulon 2HB plates (DYNEX Technologies) were coated with 100 μl/well of 5 μg/ml monoclonal antibodies D513, 1042, or 1618 in PBS overnight at 4°C. The plates were washed 3 times with PBS/0.5% Tween-20 and then blocked with 200 μl/well 1% BSA in PBS for 1 hour at room temperature. Biotinylated unmodified fibrinogen, citrullinated fibrinogen, or CII was applied at increasing concentrations from 0 pmol to 450 pmol for D513 or from 0 pmol to 90 pmol for 1042 and 1618. The protein was allowed to bind antibody for 1 hour at room temperature. The plates were washed 5 times with PBS/0.5% Tween-20. We added 100 μl/well of streptavidin-HRP diluted 1:5,000 in PBS to wells and allowed it to bind for 1 hour at room temperature. After washing the plates 5 times with PBS/0.5% Tween-20, the plates were developed with ABTS solution described above and read at 405 nm with a 492 nm reference filter.
The IgG subclass of 1042 and 1618 was determined by a modified sandwich ELISA (data not shown). A 96-well Immulon 1B plate (DYNEX Technologies) was coated with 100 μl/well of 2 μg/ml goat anti-mouse IgG1, IgG2a, IgG2b, or IgG3 overnight at 4°C. The plate was washed 3 times with PBS/0.5% Tween-20 followed by blocking with 200 μl/well 1% BSA in PBS for 1 hour at room temperature. We added 100 μl/well of 4 μg/ml biotinylated 1042 or 1618 in duplicate to wells coated with each of the isotypes. A standard consisting of purified mouse IgG1, IgG2a, IgG2b, or IgG3 was also applied to wells in duplicate at 100 μl/well for 1 hour at room temperature. The plates were washed 5 times with PBS/0.5% Tween-20. Streptavidin-HRP was diluted 1:5,000 in PBS and applied at 100 μl/well to wells in which 1042 or 1618 were applied. Goat anti-mouse IgG (total) was diluted 1:2,000 and applied at 100 μl/well to standard wells for 1 hour at room temperature. The plates were washed 7 times with PBS/0.5% Tween-20. The ELISA was then developed for 30 minutes using 50 μl/well 1% H2O2 in ABTS and read at 405 nm with a 492 nm reference filter.
Purified 1042, 1618, and HB5 antibodies and unmodified fibrinogen, citrullinated fibrinogen, and CII were biotinylated by adding 20 mmol excess sulfo-NHS-LC-biotin (Pierce Biotechnology) and incubating for 2 hours on ice. Unbound biotin was removed by dialysis against PBS for 48 hours.
Array analyses of sera and monoclonal antibodies. Synovial antigen arrays containing proteins and overlapping peptides representing autoantigen candidates in RA and CIA were produced as previously described (19) . Arrays were probed with 1:150 dilutions of sera derived from mice with CIA tolerized with LXP or LKP, or 0.5 μg of purified monoclonal antibody, followed by detection of antibody binding with Cy3-conjugated anti-mouse IgG/M secondary antibody or a Cy3-avidin conjugate (Jackson ImmunoResearch Laboratories Inc.). The significance analysis of microarrays algorithm (49) was applied to identify antigen features with differences in array reactivity between LKP- and LXP-treated mice with CIA or between duplicate arrays probed with D513, 1042, 1618, and secondary reagents. Cluster software (version 2.11) and TreeView software (version 1.60) were used to order and display the results, respectively (50) . Additional detailed protocols have been previously published (19, 51) . Supplemental Table 1 displays selected antigens and their sequences that are on this array.
Collection and Western blot of animal tissues. Mice were immunized with CFA alone or CII in CFA as described above. Tissue was collected from 3 mice of each group: unimmunized; CFA, day 7 after immunization; CFA, day 35; CIA, day 7; and CIA, day 35. Skin at the site of immunization, draining inguinal LNs, and synovium were dissected from the mice and immediately frozen in liquid nitrogen and stored at -70°C until processing. Tissue was processed by homogenization in 1 ml RIPA buffer (1% Triton X100, 0.5% deoxycholic acid, 150 mM NaCL, 20 mM β-glycerophosphate, 20 mM Tris, pH 8.0, 5 mM EGTA, 3 mM MgCl2, and 0.1% SDS in water) containing 1 mM DTT and 1 tablet protease inhibitor cocktail (Complete Mini, EDTA free; Roche Applied Science). Homogenized samples were placed on ice for 15 minutes and then centrifuged at 4°C, 10,000 g for 15 minutes. The supernatant was collected and the pellet discarded. Protein concentration was determined by the Bio-Rad BSA protein assay (Bio-Rad). From each sample, 20 μg protein was loaded onto 10% Bis-Tris gels and run at 80 V until the loading dye front ran just off the gel. The protein was then transferred to nitrocellulose at 75 V for 1 hour. The blot was blocked overnight at 4°C with 10% milk in PBS. Primary antibodies, either anti-citrulline (Biogenesis Ltd.), D513, biotinylated 1042, or biotinylated 1618 monoclonal antibodies, were applied to the blot at a concentration of 5 μg/ml for 1 hour at room temperature. After washing the blot 3 times for 10 minutes with PBS containing 0.5% Tween-20, secondary antibody, HRP-conjugated goat anti-rabbit IgG, or anti-mouse IgM was diluted 1:2,000 in PBS, or HRP-conjugated streptavidin was diluted 1:5,000 in PBS and applied to the blot for 1 hour at room temperature. The blot was again washed with PBS/0.5% Tween-20 3 times for 10 minutes. ECL reagent (Amersham Pharmacia Biotech) was applied for 1 minute. The membrane was then transferred to a plastic bag and film was exposed.
Statistics. All statistical analyses were performed using GraphPad Prism version 4 (GraphPad Software). Specific tests performed are noted within figure legends.
